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Abstract: With the global shortage of feed ingredients, the use of agricultural by-products has become 
an alternative to animal feed. Okara, a by-product of soymilk and tofu processing, is high in nutrients 
but contains non-starch polysaccharides (NSP) and has a high-water content, which are disadvantages 
in animal feed. Herein, we mixed okara and copra meal (CM) with probiotics (Lactobacillus species 
and Clostridium butyricum) and NSP enzymes (NSPases) for solid-state fermentation (SSF) to enhance 
okara feed value; the optimal parameters of fermented okara and CM (FOCM) and their effects on 
broiler growth performance and ileal microbiota were investigated. The result showed that FOCM in 
combination with NSPases and probiotics at 55% of the initial moisture content and 60 h fermentation 
time at 37 °C were able to degrade NSP and reduce sugar content. After fermentation, the total viable 
counts, lactic acid, and butyric acid contents in the FOCM were 8.6 log CFU/g, 3.7%, and 17.15%, 
respectively. During the fifth week of the feeding period and over the whole feeding period, broilers 
fed with 1.25% and 2.5% FOCM had a better feed conversion ratio (p < 0.05); both groups increased 
the duodenal villus length (p < 0.05). Further microbiome analysis suggested that FOCM significantly 
increased the abundance of the phylum Firmicutes and reduced the abundance of Escherichia-Shigella 
in the ileal content (p < 0.05). Collectively, supplementation of probiotics and enzymes during SSF was 
found to be effective in enhancing the nutritional value of FOCM. Moreover, dietary supplementation 
of FOCM improved the broiler feed conversion ratio, gut morphology, and ileal microbiota. 


Keywords: soybean by-product; copra meal; solid-state fermentation; probiotic; broiler; growth 
performance; microbiota 


1. Introduction 


The poultry sector is an industry that depends on maximum efficiency and minimum 
profit [1]. Significantly, feed is a restrictive factor for the development of the poultry 
industry, mainly due to the high cost of feeds, which impact industry profits [2]. In addition, 
the conventional feed ingredients corn and soybeans are now used for human food and 
bioenergy, leading to feed—food—fuel competition [2,3]. This situation has led most farmers 
to try raising their own grazing animals to reduce feed cost [4-6] or to supplemented 
feed by enriching or manipulating nutrients to improve feed deficiencies [6,7]. Nowadays, 
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studies are being carried out to assess the potential of alternative feedstuffs from low-cost 
but highly nutritious agricultural waste required for poultry [5,8-11]. 

Okara, or soybean curd residue, is an agro-industrial by-product from soybean extract 
produced during the processing of soy milk and tofu [12,13]. Due to the high moisture 
content (about 80%), okara is highly perishable and moldy in normal environments [14,15], 
it is often discarded and turned into waste. Although studies have shown that okara is 
high in crude fiber (35-55%), protein (30%), fat (10-11%) [9,16], polyunsaturated fatty acid 
(56% of total fat), and enriched isoflavone [9], the application of okara in poultry feed is 
still limited due to several anti-nutritional factors, including phytates, tannins, trypsin 
inhibitors, and oligosaccharides [17]. In addition, the carbohydrates contained in okara are 
considered to be generally unavailable non-starch polysaccharide (NSP) fiber, which are 
mainly composed of mannan, galactomannan, and cellulose [18-20]; intact NSP present 
in the poultry digestive tract is known to inhibit the digestive process and interfere with 
intestinal balance, leading to problems associated with wet dropping (wet feces) and even 
intestinal diseases [21]. 

Copra meal (CM), another readily available agro-industrial by-product derived from 
coconut oil meals [10], has similar nutritional characteristics to okara (rich in protein 
(15-25%) and carbohydrate (60%)). With proper feed technology, CM can be used to reduce 
the cost of poultry feed [8,22]. However, due to the low content of amino acids (lysine and 
methionine), the use of CM in poultry diets is still rare [23]. Similar to okara, CM contains 
a high-water content and harbors indigestible NSP [19]. However, the addition of CM for 
broiler feed has some benefits since it contains beta-mannan as prebiotics and as mycotoxin 
binder [24]. 

Many studies have attempted to improve the utilization rate and feed value of agro- 
industrial by-products through the addition of amino acids [5,25], enzymes [26], physical 
modification [27], and microbial biotransformation; solid-state fermentation (SSF) is one of 
the strategies. SSF refers to a fermentation process in which microbial growth and metabolic 
activities take place in a moist solid substrate with little flowing water [28,29]. The most 
commonly used solid substrates are cereals (such as rice, wheat, barley, and corn), legume 
seeds, wheat bran, lignocellulosic raw materials, and various animal or plant materials. 
These grains are insoluble or sparingly soluble in water, but most are inexpensive and 
readily available [30,31]. In the past, the main microorganisms used in SSF were fungi, 
which were considered to have optimal activity in a matrix with low moisture substrates. 
More recently, many bacteria and yeasts that require liquid media have also been used 
for SSF, showing the advantages of SSF over liquid-state fermentation [32,33]. Specifically, 
bacterial fermentation results in improved nutritional factors, including increasing the 
number of small-sized peptides and increasing the content of essential and non-essential 
amino acids [34]. 

The gut microbiota of broilers plays an important role in the development and function 
of the digestive system, including the ability to ferment and utilize dietary fiber to enhance 
the immune system [35]. As broilers grow, the competition for gut microbial coloniza- 
tion gradually slows and the bacterial transition phase stabilizes, thereby affecting the 
abundance of gut microbiota [36,37]. In addition, the development of intestinal epithelial 
cells, nutrient digestion, and improvement of intestinal mucosal integrity enable poultry to 
improve the transformation efficiency and growth performance after energy harvesting [37]. 
Lactobacillus species (Lactobacillus acidophilus, Lactobacillus delbrueckii, and Lactobacillus sali- 
varius) [38,39] and Clostridium butyricum [40] are known to ferment okara and improve the 
nutritional status and growth performance of animals. Specifically, Lactobacillus species are 
capable of producing bacteriocin and short-chain fatty acids (lactate and butyrate), which 
help lower pH and maintain acidity in the animal gut [41]. Such bacteria are bile-resistant 
because they have the bile salt hydrolase (BSH) enzyme that helps hydrolyze bound bile 
and reduce its toxic effects [42]. Although there are no reports of using Clostridium bu- 
tyricum alone to ferment okara, Clostridium butyricum is commonly used in soybean meal 
fermentation along with Lactobacillus [43-45]. Compared to other probiotics, Clostridium 
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butyricum is heat-resistant and can be stored in dry form at room temperature through the 
pelleting process of feed products [46]. In addition, Clostridium butyricum is resistant to low 
pH and high bile concentrations; hence, it can reach and colonize the small intestine after 
ingestion in broilers. 

Previous studies have investigated whether SSF can improve the nutritional quality 
of animal feed by increasing nutrient bioavailability and reducing anti-nutritional fac- 
tors in single-feed ingredients [47], such as palm kernel cake [48] and rapeseed meal [49]. 
The present study was conducted to investigate the ability of SSF in mixed ingredients, 
okara, and CM. The combination of three homologous Lactobacillus species (L. acidophilus, 
L. delbrueckii, and L. salivarius) and C. butyricum were used to ferment okara and CM, and 
NSPases were used to reduce the NSP and anti-nutritional factors in the fermentation ma- 
trix to help the digestion and absorption of broilers. Therefore, this study investigated the 
optimal parameters of fermented okara and CM (FOCM) with probiotics and NSPases and 
evaluated its effect on broilers. The results provide valuable information regarding the fer- 
mentation conditions of mixed okara and CM by probiotics and enzymes. These conditions 
are suitable for use on an industrial scale to mass-produce functional fermented products. 


2. Materials and Methods 
2.1. Microorganisms and Culture Conditions 


Clostridium butyricum (C. butyricum, MIYAIRI 588) was purchased from Miyarisan Phar- 
maceutical (Tokyo, Japan). Lactobacillus acidophilus (L. acidophilus; BCRC 10695), Lactobacillus 
delbrueckii (L. delbrueckii; BCRC 10696), and Lactobacillus salivarius (L. salivarius; BCRC12574) 
were purchased from the Food Industry Research and Development Institute (Hsinchu, 
Taiwan). After thawing, C. butyricum was inoculated into an Erlenmeyer flask containing 
brain-heart-infusion broth (BHI; Sigma-Aldrich, St. Louis, MO, USA) and incubated at 
37 °C for 48 h with shaking. Lactobacillus acidophilus, L. delbrueckii, and L. salivarius were 
inoculated into an Erlenmeyer flask containing de Man, Rogosa, and Sharpe broth (MRS; 
Sigma-Aldrich) at 37 °C for 24 h with shaking. 


2.2. Solid-State Fermentation (SSF) 


Okara was provided by Taiwan Jiaziyuan Stinky Tofu Factory and CM is imported 
from the Philippines. The procured substrates, including okara and CM, were mixed with 
water to the required relative moisture content in a space bag. The substrate mixtures 
were then inoculated with 3% (v/w) inoculums containing L. acidophilus, L. delbrueckii, L. 
salivarius, and C. butyricum (so that each bacterial solution was quantified beforehand as 
1.0 x 10° CFU/mL), and carefully mixed under sterile conditions and incubated in 37 °C. 
To investigate the effects of initial moisture content and fermentation duration on SSF 
of mixed okara and CM, fermentations were performed with different initial moisture 
contents (50, 55 and 60%; w/w) and different fermentation durations (48, 60 and 72 h) at 
37 °C. 

The optimal initial moisture content (55%) and fermentation duration (60 h) of mixed 
okara and CM with the SSF method were further employed to reveal the effects of ex- 
ogenous NSPases (VemoZyme®) on FOCM. The experimental groups were divided into 
(1) mixed okara and copra meal (control, CTRL), (2) mixed okara and copra meal plus exoge- 
nous NSPases (NSP enzyme), (3) mixed okara and copra meal plus probiotics (Probiotics), 
(4) mixed okara and copra meal plus probiotics and NSPases (mixed). All experiments were 
incubated at 37 °C and performed in triplicate. The FOCM were then dried at 50 °C for 24 h, 
homogenized through mechanical agitation, and stored at 4 °C prior to further analysis. 


2.3. Determination of Total Viable Count 


To determine total viable count of bacteria, 1 g of FOCM was diluted with 9 mL 
of 0.85% NaCl, shaken for 30 min, and then placed in a selective media for microbial 
enumeration. The MRS agar was used to measure all the Lactobacillus species; BHI agar was 
used to measure C. butyricum. The diluent was spread-plated and placed in an anaerobic 
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bag in a 37 °C incubator for 24 h. The count of bacterial colonies was statistically analyzed 
and expressed as colony-forming units per gram (CFU/g). 


2.4. Determination of Moisture, Neutral Detergent Fiber, Residual Reducing Sugars, Lactic Acid, 
and Butyric Acid Content 

The moisture content of the FOCM was measured with the aid of a crucible under 
sequent drying conditions of 65 °C for 16 h and 105 °C for an hour. The content of neutral 
detergent fiber (NDF) was measured using neutral detergent. The content of reducing sugar 
was analyzed by incubating 1 g of FOCM in a 50 °C water bath for 30 min, and the reducing 
sugars in the supernatant were analyzed using the dinitrosalicylic acid method. The content 
of lactic acid and butyric acid was determined by high-performance liquid chromatography 
(HPLC). The FOCM was incubated at 50 °C in a water bath and ultrasonically shaken 
for 20 min. The homogenate was mixed in water and then filtered with a 0.22 um filter 
membrane. The extract was then analyzed for lactic acid and butyric acid content using 
HPLC and compared with a standard. Lactic acid (Sigma-Aldrich) and butyric acid (Sigma- 
Aldrich) standards were prepared and analyzed a minimum of three times. By using a 
C18 column, which had the dimensions of 5 um inner diameter 4.6 mm x 25 cm long, the 
lactic acid mobile phase was 0.01 mol/L phosphoric acid solution, and the butyric acid 
mobile phase was 80% acetonitrile and 0.02% phosphoric acid. HPLC analysis of lactic acid 
and butyric acid was performed at the same flow rate of 1.0 mL/min and wavelengths of 
210 nm and 206 nm. The concentration of lactic acid and butyric acid were determined 
based on the slope of the standard curve. 


2.5. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis 


The extracted crude protein from FOCM was quantified using the Bradford method, 
with bovine serum albumin used as the protein standard. For the determination of soy 
globulin contents, total proteins from pre-fermented and FOCM treated with sodium 
dodecyl sulfate (SDS) were separated using polyacrylamide gel electrophoresis (PAGE), 
and the soy globulins in the gel were visualized using Coomassie Brilliant Blue R-250 
(Sigma-Aldrich) staining. 


2.6. Animal Study 


The FOCM was prepared as aforementioned above, and the optimal initial moisture 
content was 55% and fermentation duration was 60 h. The animal protocol was approved by 
the Institutional Animal Care and Use Committee of the National Ilan University (110-8). A 
total of 96 1-day-old unsexed broiler chicks (Arbor Acres) obtained from a local commercial 
hatchery were randomly assigned to one of four treatments in a completely randomized 
design. Each treatment was assigned to six replicate cages with four birds per cage. Broilers 
were reared in stainless-steel cages (89 cm x 56.5 cm x 60 cm). The experimental diets were 
(1) a basal diet without FOCM as control (control, CTRL), (2) a basal diet plus 1.25% FOCM 
(FOCM1.25), (3) a basal diet plus 2.5% FOCM (FOCM2.5), (4) a basal diet plus 5% FOCM 
(FOCM5.0). Broilers received the test diet from 1 to 35 days of age. The feeding program 
had two phases, spanning days 1-20 (starter diet) and 21-35 (finisher diet). No coccidiostats 
and antibiotics were included in the diets. The diets were formulated to meet or exceed the 
requirements of the birds according to the National Research Council recommendations 
(NRC, Nutrient Requirements for Poultry, 1994, Table 1). Broilers were fed and watered 
ad libitum throughout the experiment. The mortality of broilers was monitored daily. 
On days 4 and 14 of the experiment, Newcastle disease (ND) and infectious bronchitis 
(IB) vaccines were administered through the eyes and nose. Broiler growth performance, 
including average daily gain (ADG), average daily feed intake (ADFI), feed conversion 
ratio (FCR), body weight, and feed intake were measured weekly. One broiler per replicate 
was sacrificed on days 21 and 35, and their blood and ileal contents were collected for 
subsequent analysis. 
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Table 1. Nutrient composition of experiment diets (starter and finisher diets). 
CTRL FOCM1.25 FOCM2.5 FOCM5.0 
Ingredients % starter finishing starter finishing starter finishing starter finishing 
Corn, yellow 47 58.43 46.36 57.64 45.71 56.85 44.42 55.26 
Soybean meal (44.0% CP) 44.18 33.75 43.57 33.29 42.97 32.83 41.76 31.92 
Fish meal 5 4 5 4 5 4 5 4 
FOCM 0 0 1.25 1.25 2.5 2.5 5 5 
CaCO3, 38% 2 2 2 2 2 2 2 2 
CaHPO, 1 1 1 1 1 1 1 1 
Salt 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 
Choline, 50% 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
Vitamin premix ! 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
Mineral premix 2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
Methionine 99.5% 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
Calculated composition 
Crude protein % 26.25 21.96 26.01 21.8 25.78 21.64 25.35 21.31 
ME, kcal/kg 3361.96 3345.6 3338.40 3321.18 3314.02 3297 3265.28 3248.78 
Fat % 2.63 2.57 2.65 2.59 2.68 2.61 2.72 2.65 
Fiber % 4.65 4.08 4.78 4.21 4.9 4.34 5.16 4.61 
Ca % 1.4 1.32 1.37 1.30 1.36 1.28 1.32 1.25 
P% 0.74 0.68 0.73 0.67 0.72 0.66 0.7 0.64 
Lysine % 1.34 1.34 1.32 1.32 1.31 1.31 1.273 1.27 
Methionine + Cystine % 1 1 1 1 1 1 1 1 
Moisture % 13 13 13.52 13.53 14.05 14.05 15.1 15.1 


1 Premix supplied per kg of diet: 6000 IU of vitamin A, 900 IU of vitamin D, 30 IU of vitamin E, 3 mg of vitamin K, 
6 mg of vitamin B2, 18 mg of pantothenic acid, 60 mg of niacin, 30 ug of vitamin B12; * Premix supplied per kg of 
diet: 20 mg of Cu, 100 mg of Zn, 140 mg of Fe, 4 mg of Mn, 0.1 mg of Se, 0.2 mg of I. 


2.7. Blood Chemistry and Antibody Titer Analysis 


The blood chemistry and antibody titer analysis were followed as described by previ- 
ous studies [50,51]. For blood chemistry analysis, blood samples from broilers (one bird per 
replicate, six replicates were used per group (n = 6)) were collected through heart puncture 
on the 21st and 35th day of age and separated by centrifugation at 1500 g for 10 min. An 
automatic biochemical analyzer (TOSHIBA TBA-80FR NEO2, Tokyo, Japan) to perform a 
total of 6 serum biochemical analyses, including alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), total protein (TP), albumin (ALB), and glucose (GLU). 

To analyze the antibody titer, blood samples were collected through cardiac puncture 
and centrifuged at 1500 g for 10 min. Serum was collected and stored at 20 °C. To evaluate 
the effect of feeding FOCM on the host’s immune response to ND and IB vaccines, we also 
cooperated with the Poultry Health Center of the Central Animal Husbandry Association 
to detect ND and IB titer antibody. The detection method of ND titer antibody used the 
hemagglutinin inhibition (HI) test; as has been noted, the HI test is a highly accurate 
measure of a herd’s immunological health and resistance to ND, particularly for evaluating 
the protective response to ND vaccination [52]. The IB titer antibody was detected by 
enzyme-linked immunosorbent assay (ELISA) kit (BioChek, Gouda, The Netherlands). 
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2.8. Intestinal Morphology Analysis 


On the 21st and 35th day of age, one bird per replicate was randomly chosen (six 
replicates were used per group (n = 6)) and sacrificed with carbon dioxide, and three 
sections of duodenum, jejunum, and ileum were taken, as previously described [53]. After 
washing the chyme on the intestinal mucosal surface with ice-cold PBS solution, this sample 
was put it in 10% formalin solution and fixed at room temperature for a week. Subsequently, 
using paraffin embedding procedures, fixed intestine samples (duodenum, jejunum, and 
ileum) were prepared. Three cross-sections from each sample were sectioned at a thickness 
of 5 um, mounted on a glass slide, and stained with hematoxylin and eosin. Villus height 
and crypt depth were measured randomly for 20 villi per bird using a micrometer using an 
optical microscope (Olympus CKX41, Tokyo, Japan). 


2.9. Bacterial Diversity Analysis 


A 21-day-old broiler was randomly chosen from every two cages based on the average 
of the cage then euthanized by carbon dioxide inhalation, and a five-centimeter ileum 
fragment was taken for microbiota analysis (three replicates were used per group (n = 3)). 
The bacterial deoxyribonucleic acid (DNA) was extracted using the QIAmp Fast DNA Stool 
Mini kit (QIAGEN, Hilden, Germany), according to manufacturer’s instructions. The v3-v4 
hypervariable regions of the bacterial 16S rRNA gene was performed by polymerase chain 
reaction (PCR) using specific 341F-805R primer (5’-CCTACGGGNGGCWGCAG-3’ and 
5/-GACTACHVGGGTATCTAATCC-3’). Sequencing was conducted at a read length of 
300 nucleotides by next-generation sequencing platform (Illumina, San Diego, CA, USA). 
For data sequence processing, the QIIME 2 software package (version 2017.4, GitHub, San 
Francisco, CA, USA) was used. High-quality reads were selected, and all of the effective 
reads from all samples were clustered into operational taxonomic units (OTUs) based on 
97% sequence similarity using the UCHIME (version 4.2, GitHub) and mothur software 
(version 1.39.5, GitHub). In addition, the QUME 2 software (version 2017.4, GitHub) and 
the naive Bayesian classification approach were used to access alpha diversity (richness and 
evenness) and phylogenetic assignment, respectively. Furthermore, the R packages were 
used to display the differences in microbiota between groups using principal component 
analysis (PCA) and principal coordinate analysis (PCoA) based on the unweighted and 
weighted UniFrac distance matrices (version 3.5.0 and version 1.7.13, GitHub). 


2.10. Statistical Analysis 


All experimental data were analyzed by ANOVA using the General Linear Model 
(GLM) program of SAS (SAS Institute, Cary, NC, USA). Significant differences between 
each treatment were measured using Duncan’s new multiple range test. Values of p < 0.05 
were considered statistically significant. 


3. Results 
3.1. Effect of Different Initial Moisture Content on Lactobacillus Species and C. butyricum Growth 
in Solid-State Fermentation of Okara and Copra Meal 

In the SSF method, moisture is a critical point for bacterial growth [53]. We first 
investigated the effect of different initial moisture contents (50%, 55%, and 60%) on the 
growth of the probiotics Lactobacillus species (L. acidophilus, L. delbrueckii, L. salivarius) 
and C. butyricum in the SSF of mixed okara and CM fermentation; the fermentation time 
duration was at 48, 60, and 72 h. Although the highest Lactobacillus growth was found 
at 50% initial moisture for 60 h of fermentation, bacterial growth under this condition 
was not significantly different compared with 55% initial moisture. Similarly, the effect 
of these three initial moisture contents and the fermentation time on C. butyricum growth 
with the SSF method was also observed (Figure 1b). Compared with the 60% and 50% 
initial moisture content groups, the 55% group had a trend of higher C. butyricum growth 
at 60 h of fermentation time. The numbers of both bacteria decreased slightly after 72 h. 
Since 55% initial moisture and 60 h fermentation duration conditions were shown as 
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beneficial for Lactobacillus species and C. butyricum growth, these conditions were used in 
subsequent experiments to further investigate the effect of okara and CM fermentation by 
the SSF method. 
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Figure 1. Effect of different initial moisture content on Lactobacillus species (a) and C. butyricum 


(b) growth in mixed SSF of okara and CM. Values are expressed as mean + SD (n = 3). Means 
of different fermentation during time treatment with different superscript letters are significantly 
different at p < 0.05. 


3.2. Effect of NSPases Supplementation with Mixed Probiotics on the Growth of Lactobacillus, 
Water Contents, and Neutral Detergent Fiber Contents in Solid-State Fermentation of Okara and 
Copra Meal 

We further tested whether the exogenous NSPases supplementation with mixed pro- 
biotics had an impact on FOCM. Figure 2a shows the total viable bacteria count between 
FOCM plus probiotics without NSPases (the probiotics group) and FOCM plus both probi- 
otics and NSPases (the mix group). Compared to the probiotics group, the supplementation 
of NSPases (the mix group) did not significantly affect the growth of bacteria. A simi- 
lar result was found for the effect of NSPases supplementation on the water content of 
SSF; the NSPases supplementation had no impact amongst groups (Figure 2b). Moreover, 
on investigation of NDF (Figure 2c), this exogenous enzyme was revealed to reduce the 
amount of NDF in the NSP enzyme group compared to the CTRL group and significantly 
decreased NDF in the mix group compared to the others (p < 0.05). The NDF of FOCM was 
further decreased when probiotics and exogenous NSP enzymes were added to the SSF 
simultaneously (Figure 2c). 


3.3. Effect of NSPases Supplementation with Mixed Probiotics on the Reducing Sugar Contents 
and Lactic and Butyric Acid Contents in Solid-State Fermentation of Okara and Copra Meal 

The NSP enzyme supplementation, in combination with mixed probiotics, with an 
optimal moisture content of 55% and the additional increase in fermentation time, signif- 
icantly reduced the FOCM sugar content from 59 mg/g to the lowest level of 20 mg/g 
at the 48th hour of fermentation (Figure 3a). In addition, the lactic acid level of FOCM 
was significantly increased with the supplementation of NSPases in the SSF method and 
reached a peak of 3.7% at 60 h of fermentation (Figure 3b). Consistently, the butyric acid 
levels of FOCM were positively correlated with the supplementation of NSPases, which 
reached 17.15% at 60 h of fermentation (Figure 3c). 
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Figure 2. Effect of the NSPase supplementation on total Lactobacillus viable count (a); water 
contents (b); and neutral detergent fiber contents (c) of okara and CM fermentation under vari- 
ous fermentation product contents. Mixed okara and copra meal (control, CTRL), mixed okara and 
copra meal plus exogenous NSPases (NSP enzyme), mixed okara and copra meal plus probiotics 
(Probiotics), mixed okara and copra meal plus probiotics and NSPases (mixed). Values are expressed 
as mean + SD (n = 3). ** Means of different fermentation during time treatment with different 
superscript letters are significantly different at p < 0.05. 
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Figure 3. Effect of 55% initial moisture of fermentation okara and CM with the combination of mixed 
probiotics and NSPases supplementation on reducing sugar content (a); lactic acid contents (b); and 
butyric acid contents (c) with different fermentation durations. Values are expressed as mean + SD 
(n =3). 24 Means of different fermentation during time treatment with different superscript letters 
are significantly different at p < 0.05. 


We then examined whether NSPases supplementation in combination with probiotics 
could affect the degradation of soybean globulins in SSF (FOCM). The results showed that 
this combination could further degrade the $-conglycinin content of mixed okara and CM 
fermentation in SSF (Figure 4). 
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Figure 4. Effect of SSF on the soy globulins contents of okara and CM. 
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3.4. Effects of Fermented Okara and Copra Meal on the Growth Performance and Blood Biochemical 


Parameters of Broilers 


The broilers were healthy during the experimental period. No significant difference 
was observed in body weight and average daily weight gain amongst the groups (Table 2). 
At 14-21 days, as shown in Table 3, the FOCM1.25 increased the feed intake of the broilers 
compared to the CTRL group (p < 0.05). Furthermore, the FOCM1.25 and FOCM2.5 groups 
had a better feed conversion ratio than the CTRL group at the fifth week of the feeding 
period (p < 0.05) and during the whole feeding stage period (p < 0.05). 


Table 2. Effect of FOCM supplemented in diet on body weight and average daily gain in broilers. 


CTRL! 


FOCM1.25 FOCM2.5 FOCM5.0 
Items Mean SD Mean SD Mean SD Mean SD p-Value 
Body 
weight 
(g/bird) 
1d 46.44 0.17 46.46 0.10 46.46 0.19 46.44 0.15 0.99 
7d 168.92 5.88 177.25 6.74 177.25 6.37 176.31 5.79 0.09 
14d 417.23 22.14 435.85 21.92 433.38 31.43 424.38 11.40 0.49 
21d 808.06 50.06 864.21 60.67 847.02 52.49 818.67 33.71 0.23 
28 d 1274.39 101.05 1409.97 164.42 1342.58 142.23 1312.08 61.34 0.31 
35d 1819.78 185.97 2013.17 230.31 1966.03 230.31 1880.92 230.31 0.30 
Average 
daily gain 
(g/d/bird) 
1~7 d 17.50 0.83 18.68 0.97 18.68 0.87 18.55 0.82 0.10 
7~14d 35.47 2.82 36.94 2.31 36.59 3.93 35.44 1.34 0.71 
14~21d 55.83 4.36 61.19 6.21 59.09 3.57 56.33 3.95 0.19 
21~28 d 66.62 10.94 77.97 15.63 70.79 15.10 70.49 5.59 0.48 
28~35 d 77.91 13.02 86.17 10.82 89.06 7.18 81.26 11.87 0.32 
1~35 d 50.67 5.31 56.19 6.58 54.84 4.96 52.41 3.95 0.30 


1 CTRL: basal diet; FOCM1.25: basal diet plus 1.25% of fermented okara and CM; FOCM2.5: basal diet plus 2.5% 
of fermented okara and CM; FOCM5.0: basal diet plus 5.0% of fermented okara and CM. Data are mean values of 
six replicates per treatment. 
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Table 3. Effect of FOCM supplemented in diet on average daily feed intake and feed conversion rate 


in broilers. 
CTRL! FOCM1.25 FOCM2.5 FOCM5S.0 
Items Mean SD Mean SD Mean SD Mean SD p-Value 
Average daily feed intake (¢/d/bird) 
1~7d 20.82 1.40 20.38 0.12 20.40 0.02 20.40 0.00 0.64 
7~14d 40.09 1.52 42.22 2.48 44.02 5.69 43.76 1.77 0.18 
14-21 d 77.35 goo 85.703 732 SL ggz 8262 655 0.24 
21~28 d 115.19 13.07 127.01 14.27 116.64 2137 123.63 8.91 0.49 
28~35 d 135.76 17.48 135.43 25.45 139.07 15.91 139.04 13.00 0.98 
1~35 d 77.84 6.91 82.15 8.79 80.30 8.59 81.89 5.24 0.74 
FCR (daily feed intake/daily gain) 
1~7d 1.20 0.14 1.09 0.05 1.10 0.05 1.10 0.05 0.13 
7~14d 1.13 0.07 1.14 0.05 1.21 0.15 1.24 0.03 0.17 
14~21 d 1.39 0.09 1.41 0.12 1.38 0.13 1.47 0.02 0.43 
21~28 d 1.75 0.16 1.66 0.18 1.66 0.16 1.76 0.07 0.54 
28~35 d 1.754 0.10 1.56 > 0.16 1.56 > 0.08 1.724 0.12 0.01 
1~35 d 1.54 ê 0.05 1.46? 0.02 1.46? 0.04 1.56 ° 0.03 0.01 
1 CTRL: basal diet; FOCM1.25: basal diet plus 1.25% of fermented okara and CM; FOCM2.5: basal diet plus 2.5% of 
fermented okara and CM; FOCM5.0: basal diet plus 5.0% of fermented okara and CM. Data are mean values of six 
replicates per treatment. ® Means within a row that have no common superscript are significantly different (p < 0.05). 
3.5. Effects of Fermented Okara and Copra Meal on Blood Biochemical Parameters and Antibody 
Titers of Broilers 
Since the fermented product could influence the blood protein, we then examined the 
FOCM effect on selected biochemical parameters from the broiler blood samples (Table 4). 
At 21 days of age, no significant difference was observed in the blood biochemical param- 
eters amongst the groups (Table 4). However, at 35 days of age, total protein (TP) and 
albumin (ALB) were significantly higher in the FOCM5.0 group than in the FOCM1.25 
group (p < 0.05), while there was no significant difference in blood glucose (GLU), aspartate 
aminotransferase (AST) and alanine aminotransferase (ALT). 
Table 4. Effect of FOCM supplemented in diet on blood biochemistry determined in broilers. 
CTRL! FOCM1.25 FOCM2.5 FOCM5S.0 
Items 2 Mean sD Mean sD Mean sD Mean sD 
ALB (g/dL) 
21d 1.10 0.13 1.28 0.23 1.07 0.25 1.12 0.20 
35d 1.10 3P 0.17 0.90 P 0.18 1.00 3P 0.38 1.25 ê 0.21 
GLU (mg/dL) 
21d 324.50 37.10 335.50 54.40 296.17 49.47 319.50 59.29 
35d 310.83 56.71 280.83 23.68 264.83 24.06 296.83 27.64 
AST (U/L) 
21d 194.83 36.61 206.33 35.52 194.83 42.32 211.00 49.90 
35d 293.67 54.07 364.67 161.76 313.83 117.60 315.33 178.44 
ALT (U/L) 
21d 0.67 0.52 1.33 0.82 1.33 0.52 0.67 0.52 
35d 1.50 1.05 1.17 0.41 1.00 0.89 1.83 1.47 
TP (g/dL) 
21d 2.52 0.27 2.78 0.38 2.38 0.48 2.38 0.48 
35d 2.43 3P 0.29 1.98 P 0.66 2.3% 0.68 273° 0.39 


1 CTRL: basal diet; FOCM1.25: basal diet plus 1.25% of fermented okara and CM; FOCM2.5: basal diet plus 2.5% of 
fermented okara and CM; FOCM5.0: basal diet plus 5.0% of fermented okara and CM; 2 ALB: albumin; GLU: glucose; 
AST: aspartate aminotransferase; ALT: alanine aminotransferase; TP: total protein. Data are mean values of six replicates 
per treatment. P? Means within a row that have no common superscript are significantly different (p < 0.05). 
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Table 5 showed the effects of different experimental diets on ND and IB antibody titers 
in the broiler’s serum. The results showed that there was no significant difference amongst 
the groups in the early and late feeding stages. Therefore, FOCM addition to the diet did 
not affect the host immune response to ND and IB vaccine effectiveness. 


Table 5. Effect of FOCM supplemented in diet on antibody titration of serum in broilers. 


CTRL? FOCM1.25 FOCM2.5 FOCM5.0 
Items 2 Mean SD Mean SD Mean SD Mean SD p-Value 
ND 
21d 42.67 24.09 37.83 23.65 24.00 19.60 22.67 10.63 0.26 
35d 14.67 9.35 24.00 21.47 26.67 8.26 41.33 43.65 0.36 
IB 
21d 157.33 83.37 313.33 299.87 167.33 91.48 184.50 81.58 0.35 
35d 322.50 167.18 181.17 63.77 249.00 94.91 410.00 302.19 0.19 
1 CTRL: basal diet; FOCM1.25: basal diet plus 1.25% of fermented okara and CM; FOCM2.5: basal diet plus 2.5% 
of fermented okara and CM; FOCM5.0: basal diet plus 5.0% of fermented okara and CM; 2 ND: Newcastle disease; 
IB: infectious bronchitis. Data are mean values of six replicates per treatment. 
3.6. Effects of Fermented Okara and Copra Meal on Intestinal Morphology of Broilers 
Table 6 shows the morphological results of the duodenum, jejunum, and ileum at 
21-and 35-days of age with the addition of different concentrations of FOCM. At 21-days of 
age, compared with the CTRL group, the duodenal villus length was significantly higher in 
the FOCM1.25 group and FOCM2.5 group (p < 0.05). There was no statistical difference 
in morphology in the jejunum and ileum amongst the groups. Furthermore, at the age of 
35 days, the villus length of the jejunum and ileum was increased in the FOCM2.5 group 
compared with the FOCM5.0 group (p < 0.05). The crypt depth of the FOCM5.0 group in 
the ileum part was significantly better than that of the CTRL group (p < 0.05). However, 
during the whole experiment, there was no statistical difference in the ratio of villus length 
to crypt depth in any of the intestinal parts. 
Table 6. Effect of FOCM supplemented in diet on broiler intestinal morphology. 
CTRL! FOCM1.25 FOCM2.5 FOCMB5.0 
Items Mean SD Mean SD Mean SD Mean SD p-Value 
Villus height (um) 1431.83 © 148.78 1831.20 ê 122.86 1741.17 129.75 1564.57" 213.23 0.01 
Duodenum Crypt depth (um) 222.50 66.37 214.31 54.07 213.67 65.74 180.76 36.76 0.60 
Villus height/Crypt depth 6.93 2.14 9.01 2.42 8.77 2.69 8.92 1.95 0.37 
21-d Villus height (um) 1344.00 300.31 1438.83 118.14 1363.97 84.73 1388.27 122.24 0.81 
w Jejunum Crypt depth (um) 188.67 69.88 187.17 24.00 194.33 28.39 213.43 44.99 0.74 
Villus height/Crypt depth 8.15 3.76 7.85 1.56 7.17 1.28 6.65 0.88 0.63 
Villus height (um) 890.17 157.49 989.97 179.29 977.44 316.00 975.50 279.24 0.88 
Ileum Crypt depth (um) 180.50 29.62 160.50 32.29 206.20 93.90 163.17 53.95 0.52 
Villus height/Crypt depth 4.99 0.92 6.25 1.08 5.32 2.30 6.24 1.71 0.42 
Duodenum Villus height (um) 1825.83 188.52 1816.67 277.58 1818.83 220.30 1767.83 256.19 0.97 
Crypt depth (um) 181.67 15.98 151.83 21.08 160.00 29.40 177.83 36.28 0.20 
Villus height/Crypt depth 10.10 1.20 12.21 2.78 11.63 2.01 10.41 3.01 0.38 
35-d Jejunum Villus height (um) 1571.17®P° 187.47 1637.502 162.12 1736.17? 163.76 1451.83 > 161.30 0.05 
a v Crypt depth (um) 178.83 51.71 201.50 61.56 186.17 47.40 203.17 57.92 0.84 
9 Villus height/Crypt depth 9.53 3.36 9.37 5.34 10.13 4.08 7.46 1.51 0.66 
Ileum Villus height (um) 940.83 be 79.38 1043.83? 148.93 1095.67 ° 137.58 828.17 © 111.26 0.01 
Crypt depth (um) 209.53 54.25 168.677 31.30 179.507 33.57 138.33? 1015 0.02 
Villus height/Crypt depth 4.81 1.58 6.38 1.47 6.23 1.14 6.02 0.96 0.18 


1 CTRL: basal diet; FOCM1.25: basal diet plus 1.25% of fermented okara and CM; FOCM2.5: basal diet plus 2.5% 
of fermented okara and CM; FOCM5.0: basal diet plus 5.0% of fermented okara and CM. Data are mean values of 
six replicates per treatment. *~* Means within a row that have no common superscript are significantly different 
(p < 0.05). 
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3.7. Effects of Fermented Okara and Copra Meal on Bacterial Diversity in the Ileal Contents 
of Broilers 

The effect of FOCM on bacterial diversity in the ileal contents of broilers is shown 
in Figure 5. Venn diagram analysis revealed that 86 identical OTUs were found in the 
ileal contents among the treatment groups. In addition, there were 1787, 35, 640, and 622 
OTUs unique to each group in the CTRL, FOCM1.25, FOCM2.5, and FOCMB5.0 groups, 
respectively. Table 7 shows the effect of FOCM on the ileal microbiota in the 21-day old 
chickens; no significant differences were observed in Chaol, Simpson reciprocal, or Fisher’s 
alpha except for the Shannon estimator. Furthermore, the Shannon estimator was reduced 
in the FOCM1.25 group compared with the CTRL one (p < 0.05). 


FOCMS.0 CTRL 


FOCM1.25 FOCM2.5 


Figure 5. Venn diagram of observed OTU distribution at 97% similarity in each sample group. CTRL: 
basal diet; FOCM1.25: basal diet plus 1.25% of FOCM; FOCM2.5: basal diet plus 2.5% of FOCM; 
FOCM5.0: basal diet plus 5.0% of FOCM. Data are mean values of three replicates per treatment. 


Table 7. The alpha diversity indices of ileal microbiota in 21-day-old broilers. 


CTRL! FOCM1.25 FOCM2.5 FOCM5.0 
Items Mean SD Mean SD Mean SD Mean SD p-Value 
Chaol 1274.33 431.58 127.33 64.84 523.67 650.71 596 451.74 0.08 
Shannon 7.48 2 1.12 1.98? 0.56 4.31 ab 3.16 4.18 a 1.98 0.05 
Simpson 71.07 51.25 2.63 0.41 28.15 43.45 6.45 4.82 0.12 
reciprocal 
Fisher’s alpha 249.53 108.45 15.69 9.07 97.19 136.92 96.95 85.58 0.09 


1 CTRL: basal diet; FOCM1.25: basal diet plus 1.25% of FOCM; FOCM2.5: basal diet plus 2.5% of FOCM; FOCMB5.0: 
basal diet plus 5.0% of FOCM. Data are mean values of three replicates per treatment. P Means within a row that 
have no common superscript are significantly different (p < 0.05). 


The principal component analysis showed that there were significant differences in the 
ileal microbial flora amongst the groups (PC1, 47.34%; PC2, 30.99%; PC3, 17.55%; Figure 6a). 
In addition, the weighted principal coordinate analysis showed that the FOCM1.25 group 
and the FOCM5.0 group were significantly different from the CTRL group (PC1, 47.67%; 
PC2, 22.55%; PC3, 15.14%; Figure 6b). Similarly, the principal coordinate analysis of the 
unweighted UniFrac distance of the ileum bacterial communities was significantly different 
for all groups except for the FOCM2.5 one (PC1, 35.09%; PC2, 15.4%; PC3, 9.07%; Figure 6c). 
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Figure 6. Comparison of the bacteria communities of the ileal contents by advanced analysis. Princi- 
pal component analysis (a) plots of basal diet as the control (CTRL), basal diet plus 1.25% of FOCM 
(FOCM1.25), basal diet plus 2.5% of FOCM (FOCM2.5), and basal diet plus 5.0% of FOCM (FOCM5.0) 
(n = 3). Principal coordinate analysis of weighted UniFrac (b) and unweighted UniFrac (c) distance of 
the ileum bacterial communities from CTRL, FOCM1.25, FOCM2.5, and FOCM5.0 (n = 3). 


In addition, Figure 7 shows the beta diversity index heat map; the blue color repre- 
sents higher similarity, and the red one is the lower one. All the treatment groups were 
different from the CTRL group (based on weighted UniFrac metrics; Figure 7a). Further, the 
unweighted difference heat map (Figure 7b) showed that the FOCM1.25 group was similar 
to the FOCM2.5 group, and the CTRL group was more similar to the FOCM5.0 group. 
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Figure 7. Comparative analysis of the ileal contents across the samples. The beta diversity index of 
the ileal contents from the basal diet as control (CTRL), basal diet plus 1.25% of FOCM (FOCM1.25), 
basal diet plus 2.5% of FOCM (FOCM2.5), and basal diet plus 5.0% of FOCM (FOCM5.0) based on 
weighted UniFrac metrics (n = 3) (a) and unweighted UniFrac metrics (n = 3) (b). 


3.8. Effects of FOCM on Ileal Bacterial Richness 


As shown in Table 8, the effects of FOCM supplementation in the diet on the microbiota 
richness of the ileal bacteria in broilers were summarized. At the phylum level, the 
relative abundance of phyla Firmicutes was sharply increased compared to the CTRL 
group when FOCM was supplemented to the diet with different concentrations (p < 0.05). 
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At the genus level, the relative abundance of Escherichia-Shigella in all the FOCM groups 
(FOCM1.25, FOCM2.5 and FOCM5.0) was significantly decreased compared to the CTRL 
group (p < 0.05). 


Table 8. Effect of FOCM supplemented in diet on ileal microbiota relative abundance in 21-day-old broilers. 


CTRL! FOCM1.25 FOCM2.5 FOCM5S.0 
p-Value 
Relative Abundance (%) Mean SD Mean SD Mean SD Mean SD 

Phylum 

Firmicutes 52.87 P 5.74 96.66 ° 2.05 85.41 ° 18.84 92.70 è 3.30 0.02 

Proteobacteria 10.93 6.00 0.45 0.34 2.15 2.28 1.67 1.35 0.06 

Bacteroidetes 14.32 2.39 0.66 0.44 8.06 11.73 4.86 4.18 0.14 
Genus 

Bifidobacterium 8.23 6.43 0.01 0.01 1.42 2.42 1.06 1.69 0.08 

Lactobacillus 3.86 2.66 59.30 25.57 64.84 37.41 62.31 32.65 0.08 

Lachnospiraceae_unclassified 5.15 2.68 0.03 0.02 1.78 2.94 0.74 0.94 0.06 

Escherichia-Shigella 2.26 è 0.19 0.31 P 0.07 101" 0.80 0.50 P 0.43 0.01 


1 CTRL: basal diet; FOCM1.25: basal diet plus 1.25% of FOCM; FOCM2.5: basal diet plus 2.5% of FOCM; FOCMB5.0: 
basal diet plus 5.0% of FOCM. Data are mean values of three replicates per treatment; P Means of same row 
without common superscript are significantly different (p < 0.05) (n = 3). 


4, Discussion 
4.1. Effect of Different Initial Moisture Content on Lactobacillus Species and C. butyricum Growth 
on SSF of Okara and CM 

The moisture content of the substrate plays a key role in microbial fermentation. 
Water can help the microorganisms transfer nutrients, but too much moisture causes the 
substrate to form agglomerates, making it difficult to dissipate heat [53]. As shown in 
Figure la, a value of 55% of the initial moisture had higher Lactobacillus growth at 60 and 
72 h of fermentation in SSF. In addition, Figure 1b demonstrates that the initial moisture 
contents of 50% and 55% had higher C. butyricum growth at 60 and 72 h of fermentation. A 
previous study revealed that when the initial moisture of okara reached more than 60%, 
it harmed the growth of some microorganisms such as Yarrowia lipolytica [54]. Another 
study demonstrated the optimum initial moisture for the growth of lactic acid bacteria 
and C. butyricum in the solid-state fermentation of soybean meal is about 50% [44], and the 
optimum initial moisture for the growth of Bacillus licheniformis is about 45-50% [55]. In 
addition, a previous study pointed out that when L. reuteri and B. subtilis were used for 
fermentation in the feed, the highest bacterial count was obtained at an initial moisture 
content of 50-60% [56]. Therefore, it can be concluded that, in solid-state fermentation, most 
microorganisms are more suitable for growth at 45-60%, and the results of this experiment 
showed that the initial moisture content sof 50% and 55% in the mixed matrix of okara and 
CM was the optimal growth conditions for microorganisms. Moreover, the matrix cost was 
lower at 55% starting moisture, so subsequent experiments were performed with a starting 
moisture content at 55%. Accordingly, in this current study, a one-way ventilated anaerobic 
fermentation bag was used for fermentation. Yeast was used for aerobic fermentation in 
the early stage of fermentation. The oxygen in the bag could have been converted into 
carbon dioxide, which facilitated the subsequent proliferation of C. butyricum and lactic 
acid bacteria in an anaerobic environment. It needed the genes for lactate utilization under 
anaerobic conditions [57,58]. In previous studies, L. reuteri and B. subtilis were fermented for 
different times (24, 48, 72, and 96 h) in the feed, and the results showed that the number of 
lactic acid bacteria at 48 h fermentation group reached its peak at a high level and decreased 
slightly at 72 h [56]. Meanwhile, lactic acid bacteria and C. butyricum were used to ferment 
soybean meal, and the results showed that the number of bacteria reached a balance after 
the second day of fermentation, which was similar with this experiment. It was assumed 
that the microorganisms would reach equilibrium at 60 h of fermentation. 
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4.2. Analysis of Reducing Sugars and Metabolites in Microbial SSF by Adding Exogenous 
Non-Starch Polysaccharide Enzymes 

According to the results, the most suitable mixed matrix of okara and CM for microbial 
growth was at an initial moisture content of 55%. Since the addition of exogenous non- 
starch polysaccharide enzymes may affect the optimal fermentation time (Figure 1a,b), the 
reducing sugar (Figure 3a) and lactic acid content (Figure 3b) in this experiment were used 
as the fermentation indicators. Sugar here means all monosaccharides such as glucose, 
fructose, and glyceraldehyde, and disaccharides such as lactose and maltose. In the 
fermentation process, sugars can be regarded as a carbon source to provide nutrients for the 
growth of microorganisms. By analyzing the reducing sugar content of the fermentation 
product, we can understand the growth of microorganisms during the fermentation process 
and infer the yield of metabolites during the fermentation process. This study had a 
similar result to Su [44], which investigated whether the microbial fermentation process can 
effectively utilize the carbon source and use the carbon source within 48 h of fermentation. 
In addition, the lactic acid content continued to increase after 48 h of fermentation and did 
not decrease until 60 h after fermentation. The low pH of lactic acid in animal intestines is 
suitable for the proliferation and growth of probiotics while inhibiting pathogenic bacteria. 
In a recent study, anaerobic fermentation was used with the addition of 10% molasses. 
In the late stage of fermentation, lactic acid bacteria became the dominant strain and 
metabolized sugars into lactic acid [59]. In particular, the lactic acid concentration will vary 
depending on the strain and fermentation substrate. In a previous study, mannanase was 
added to palm kernel cake at 5% and 10%, and the results showed that the addition of 
10% further reduced the sugars [60]. In addition to the intestinal digestion of broilers fed a 
wheat-based diet, a large amount of starch is coated with intact cell walls, and most of this 
starch is released after supplementation with NSP enzymes [61]. It is well known that NSP 
enzymes can decompose plant cell walls to increase the reduction of sugars in the matrix. 
Based on these benefits, the activity of this NSP-degrading enzyme has great potential to 
reduce the value of NSP and encapsulated nutrients from broiler feed such as corn, wheat, 
and SBM so that these essential nutrients from NSP can be used more efficiently [21]. In 
our results, after 48 h of fermentation, the reduction of sugar was increased through the 
action of NSP, which provided the microorganisms to continue producing lactic acid until 
60 h of fermentation. 


4.3. Animal Study 
4.3.1. Effects of FOCM on the Growth Performance of Broilers 


Since fermentation is a pre-digestion process, macromolecular proteins are first decom- 
posed into peptides or amino acids to improve the nutritional quality and to help young 
animals increase nutrient utilization [62]. The FOCM produced in this study not only had 
a large amount of amino acid but also contained a large amount of lactic acid bacteria. 
This is an important condition because the supplementation of lactic acid bacteria in the 
feed will be helpful in improving the growth performance of broilers due to its lactic acid 
products [63]. As lactic acid bacteria were enriched in the FOCM, this could significantly 
improve the feed efficiency of broilers without affecting their body weight gain and at 
the same time could save on feed costs (Table 3). Since okara and CM are fermented by 
microorganisms, a large amount of protein is decomposed into amino acids, and lactic acid 
fermentation produces a sour flavor. In addition to lactic acid, this study also showed an 
increase in butyric acid (Figure 3c). A previous study revealed that lactic acid (along with 
other organic acids: fumaric acid and citric acid) could decrease the gastric pH, thus, it 
could indirectly eliminate the proliferation of acid-sensitive bacteria. Likewise, butyric acid 
(and other organic acids such as formic acid, acetic acid, propionic acid, and sorbic acid) 
could reduce the pH in the GIT by directly acting upon the cell wall of gram-negative bacte- 
ria [64,65]. Moreover, specifically in butyric acid, another study has demonstrated that this 
butyric acid could increase the digestion and nutrition absorption of broilers [66,67], which 
aims to improve broiler growth performance. In addition, the energy usage of different 
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groups may also affect feed intake. The FOCM that was produced in this study contained 
high amounts of fiber, and the feed metabolizable energy was lower than that of the control 
group. It was indicated that the addition of FOCM helped to increase the appetite of broil- 
ers. Accordingly, along with the lower energy value, the broilers consume more feed, which 
was effectively represented in higher feed intake and lower FCR in the FOCM1.25 group 
without any reduction in body weight. This was different from the FOCM5.0 group where 
the FCR content was close to the CTRL group. Since the NSP content is closely related to 
the ability of the poultry digestive tract to absorb feed nutrients [21], we assumed that the 
FOCMS.0 group had a higher NSP content due to having more fermented okara and CM. 


4.3.2. Effects of FOCM on Blood Biochemistry and Serum Antibody Titers of Broilers 


During the experiment, the FOCM5.0 group produced higher amounts of albumin 
than the other groups (Table 4). The total protein in serum is composed of albumin and 
globulin, wherein the globulin includes immunoglobulin such as IgA. Hence, feeding 
lactic acid bacteria can ameliorate the integrity of the intestinal barrier by upregulating the 
tight-junction-related genes (Zone occludens-1 (ZO-1) and occludin) and increasing the 
production of IgA in Peyer’s patch [68]. In addition, these lactic acid bacteria are needed for 
the mucosa to compete with pathogens (toxins, viruses, and bacteria) for the binding site on 
the intestinal epithelial cell surface [69]. Moreover, IgA is needed for the mucosa to prevent 
the attachment of antigens (toxins, viruses, and bacteria) by direct neutralization [70]. Ina 
similar study in pigs, the addition of LAB to swine diets has more benefits; it can not only 
inhibit pathogens in the gastrointestinal tract but also improve the microbial balance in the 
intestine, as well as improve the function of the intestinal barrier and upregulate intestinal 
mucosal immunity [69]. Celi [71] showed that the intestinal mucosal immune system is 
made up of a system of lymphoid tissues called the gut-associated lymphoid tissue (GALT). 
In the GALT, lymphocytes can be found in three separate places: (1) Peyer’s patches, which 
are lymphoid follicles (T and B lymphocytes, mainly B-cells in adults) located in the mucosa 
and extending to the submucosa in the ileum; (2) the lamina propria lymphocytes, which 
are mainly IgA secretory B lymphocytes; and (3) the intra-epithelial lymphocytes, which 
are located in the epithelium at the basolateral spaces between the epithelial cells beneath 
the tight junctions. Other cells, such as M-cells, are in the intestinal epithelium. The role of 
M-cells is to endocytose antigens and transport them to antigen-presenting cells (APCs; 
macrophages and dendritic cells), which are located in the underlying tissue, for further 
digesting of antigens and presenting them to T-cells [71]. 

Chickens have maternal immunity against ND and IB viruses, which begin to decrease 
in titer at 5-10 days old [72,73]. Therefore, our study carried out ND and IB vaccination 
with active vaccines at 4-days of age and revaccination at 14-days of age. Furthermore, 
antibody titers were investigated when the broilers were 21 and 35 days old. At the time of 
vaccination, antibody titers had not yet appeared, so it took time to detect them. In general, 
antibody titers can be detected at least 14 days after vaccination [72]. Previous studies 
have shown that natural products (natural resin), probiotics, and fermented products 
as feed additives induce antibody responses in vaccinated chickens against ND and IB 
viruses [74—78]. However, to the best of our knowledge, there have been no studies revealing 
the response of the combination of probiotics and fermented products produced by the SSF 
method. The supplementation of probiotics as a feed additive to chickens vaccinated against 
ND can increase the antibody response to the ND virus but has no significant difference 
in antibody titers between the treatment and control groups [75], and the result of this 
study was similar to our current study (Table 5). On the other hand, feed supplemented 
with fermented yeast given to chickens showed an increase in the antibody titer of the 
ND vaccine against the ND virus by investigating the availability of mannan-binding 
lectin (MBL). In addition, Kjærup [79] also investigated MBL in IB-vaccinated chickens. 
Accordingly, compared with previous studies, it is necessary to investigate the immune 
response between vaccinated and unvaccinated chickens (or before and after vaccination) 
and to conduct some tests to check the MBL specifically. MBL is a plasma protein involved 
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in the innate immune defense against various microorganisms, including viruses. MBL 
binds to mannose and N-acetylglucosamine oligosaccharides, and their derivatives are 
presented on the surface of microorganisms [78] and play an important role in humans 
and chickens to protect the host from viral infection [79]. We assumed that, by offering 
probiotics and fermented products orally, with the short chicken-rearing period of broilers 
and the formation of antibody responses that takes several weeks from vaccination until 
antibody titer measurements can be observed, it will certainly cause local (not systemic 
yet) effects. 


4.3.3. Effects of FOCM on Intestinal Morphology of Broilers 


The gut is a major site of nutrient absorption, and the health of the villi is an important 
factor affecting nutrient absorption. Longer villi have more mature epithelial cells and a 
larger surface area to increase the absorption capacity; deeper crypts indicate a stronger gut 
response leading to repair following host injury [71]. In this study, compared to the control 
group, the villi length of the FOCM2.5 group was significantly higher in the duodenum 
after 21-days of age and in the jejunum and ileum after 35-days of age. In previous studies, 
administration of L. salivarius and C. butyricum to mice could significantly improve intestinal 
villi, crypt depth, and intestinal mucosal thickness, and the combination of the two bacteria 
had a better improvement effect [80]. In addition, a study on swine has pointed out that 
giving L. plantarum to weaning piglets can significantly increase the length of the jejunum 
and ileum villi [81]. The FOCM in this study also contained Lactobacillus and C. butyricum, 
which could improve the length of intestinal villi. In this study, although the FOCM 
was enzymatically hydrolyzed by exogenous NSP enzyme for 60 h, there was still a fiber 
content of up to 25.56% compared to the control group, NSP enzyme only, and probiotic 
only (Figure 2c). On the other hand, the FOCM5.0 group contained more fermented okara 
and CM, so the NSP content in the feed was higher, resulting in a decrease in the villi 
length of the gut, especially at 35-days of age (Table 6). It could be seen that the FOCM 
contained lactic acid bacteria (Lactobacillus and C. butyricum), which are beneficial to the 
development of intestinal villi. Only a small amount FOCM, such as 1.25% or 2.5%, could 
improve intestinal morphology. Since birds do not have adequate endogenous enzymes 
to digest NSP components [82], excessive FOCM can cause an excess of NSP content that 
hinders the development of intestinal villi. 


4.3.4. Bacterial Richness Analysis of Chicken Ileum 


At the phylum level (Table 8), the supplemented diet could sharply improve the 
relative abundance of Firmicutes in the ileal chickens (p < 0.05). A previous study investi- 
gated the correlation between FCR and intestinal microbiota; the higher FCR group could 
increase the proportions of Firmicutes and reduce the Bacteroidetes in broilers compared to 
the lower FCR groups [83]. Similarly, according to the FCR result, the FOCM1.25 group 
was significantly lower than control group, and the relative abundance of Firmicutes was 
significantly higher (p < 0.05). Moreover, at the genus level, the FOCM treatments tended 
to increase the levels of genus Lactobacillus compared to the CTRL group, while the relative 
abundance of Escherichia-Shigella decreased significantly (p < 0.05). The differences in 
microbiota will vary according to the location of the gastrointestinal tract of chickens, with 
Lactobacillus accounting for the highest portion [37,84]. The FCR, which is defined as the 
ratio between feed inputs and product outputs during the rearing period, is extensively 
used to determine feed efficiency (yield per unit feed) [85,86]. In chickens, the FCR is 
calculated as a ratio of feed eaten to body weight gained. As a result, chickens with a low 
FCR require less feed per kilogram gained and are the most efficient at converting feed to 
mass [87]. In broilers, the genus Lactobacillus has been shown to be linked to FCR [88,89]. 
In addition, the presence of Lactobacillus caused a low FCR in chickens [87]. In the current 
study, the FOCM2.5 group had the most abundant Lactobacillus (64.84%, Table 8) content 
amongst the groups, and the FCR at day 35 and the whole experiment period had the 
lowest FCR (Table 3). 
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Escherichia coli and Shigella, species of Enterobacter, are known to overgrow in the 
gut to cause damage to the intestinal mucosa and erosion of villi and intestinal cells, 
thereby reducing the ability of animals to absorb nutrients [90-92]. Therefore, the reduced 
relative abundance of Escherichia-Shigella was possible due to the lessened damage of the 
intestinal villi (day 21) in the diet supplemented with FOCM. As for its effect on growth 
performance, a previous study revealed that reduced Escherichia coli in the intestine could 
help improve the growth performance of broilers [89]. In addition, it would be even 
better if the reduced level of Escherichia coli was accompanied by an increased level of 
Lactobacillus [89,93]. Previous studies have indicated that fecal microbial composition was 
related to the growth performance of broilers [83,94,95]. The fecal microbiome is mainly 
derived from the gut, and the fecal microbiome is mainly derived from the ileal content. 
Therefore, this experiment can confirm that ileal bacteria can be used as a correlation 
indicator of the growth performance of broilers. 


5. Conclusions 


The optimal initial moisture content and fermentation duration for the mixed SSF of 
okara and CM were 55% and 60 h, respectively. Exogenous NSPases supplementation in 
the SSF of okara and CM was able to improve the nutritional value of FOCM. The FOCM 
could be used as an alternative feedstuff to replace corn and soybean meal, with the efficacy 
of improving the FCR, gut morphology, and ileal microbiota in broilers. 
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